Key points † Lipid peroxidation is increased in both mother and fetus during general anaesthesia for Caesarean section. † Using FI O 2 of 1.0 rather than 0.3 or 0.5 does not cause increased lipid peroxidation. † An FI O 2 of 1.0 increases oxygen transfer from the mother to the fetus.
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However, studies during regional anaesthesia for elective CS have shown that the use of high FI O 2 can induce a concomitant increase in free radical activity, causing lipid peroxidation in the mother and baby. 2 Lipid peroxidation causes tissue damage and compromises the defence of the fetus against further oxidative stress by depleting the antioxidants in the body. 3 -11 Moreover, lipid peroxide end-products of tissue damage can disrupt cellular function by formation of disulphide bridges across nucleotide or amino acid chains 12 and inhibits lymphocytic activity. 13 -15 Because it is not known whether using a high FI O 2 would have the same effect of increasing free radical activity during GA, we designed this study to investigate the effects of different FI O 2 on maternal and umbilical cord plasma concentrations of 8-iso-prostaglandin F2a (isoprostane), a marker of lipid peroxidation in patients having elective CS under GA.
Methods
This study was approved by the Clinical Research Ethics Committee of The Chinese University of Hong Kong. Thirty-nine ASA physical status I -II, term parturients having elective CS under GA were recruited after giving written informed consent. This study was conducted concurrently with our previously reported study with an overlap of 15 patients. 1 Patients received premedication with ranitidine 150 mg orally the night before and on the morning of surgery. On arrival to the operating theatre, 30 ml of sodium citrate, 0.3 M, was given and patients were kept in the left-tilted position until delivery. Under local anaesthesia, a wide bore i.v. cannula was inserted in the forearm, and a baseline sample of arterial blood was obtained from the radial artery for analysis of blood gases, oxygen content, and plasma concentrations of isoprostane. Standard monitoring comprising of non-invasive arterial pressure, electrocardiography, and pulse oximetry was attached.
Patients were then randomized by drawing of shuffled, coded, opaque envelopes to be ventilated with either 30% (Gp 30), 50% (Gp 50), or 100% (Gp 100) oxygen after induction of anaesthesia until delivery. Nitrous oxide and end-tidal sevoflurane were adjusted to provide equivalent minimum alveolar concentration (MAC) values: Gp 30 received FI N 2 O 0.7 and end-tidal concentration of sevoflurane 0.6%, Gp 50 received FI N 2 O 0.5 and end-tidal sevoflurane 1.0%; and Gp 100 received end-tidal sevoflurane 2.0%.
The oxygen analyser on the anaesthesia machine (Narkomed 4, North American Dräger, Telford, PA, USA) was calibrated immediately before each study. After preoxygenation, rapid sequence induction with cricoid pressure was achieved using thiopental 4 mg kg 21 and succinylcholine 1.5 mg kg
21
. To maintain double blinding, one investigator who was not involved with data collection controlled the delivery of the anaesthetic gases via an anaesthetic machine that was kept at an angle and shielded from other investigators who were blinded to the group allocation. These investigators were responsible for the blood sampling, blood analysis, and patient care. After confirming tracheal intubation, atracurium was given as required and the lungs were ventilated to maintain end-tidal carbon dioxide concentration of 4.3 kPa.
Oxygen and anaesthetic concentrations were measured using the integrated modules of the anaesthetic machine. To rapidly achieve the end-tidal concentration of the anaesthetic mixture, a fresh gas flow of 6 litre min 21 with the sevoflurane vaporizer set at 6% was initially given via the circle circuit for the first 60 s. Subsequently, the sevoflurane vaporizer was adjusted as required to provide the allocated end-tidal concentration. All monitoring data were captured on a Macintosh computer using a software developed within our department. Our contingency plan for patients who developed a pulse oximetry reading of ,95% was to withdraw the patient from the study and to administer a higher FI O 2 to restore the oximetry reading to ≥95%. Such cases would be recorded, but excluded from analysis. Hypotension, defined as a decrease in systolic arterial pressure to ,100 mm Hg, would be treated by bolus infusion of Hartmann's solution. If insufficient blood was sampled from the maternal or umbilical vessels, the case would be excluded and a replacement patient recruited for that FI O 2 group allocation. Times of commencement of preoxygenation, skin incision, uterine incision, and delivery were recorded.
At delivery, a sample of maternal arterial blood was obtained, and a segment of umbilical cord was isolated using double clamps before the infant's first breath, from which umbilical artery (UA) and umbilical vein (UV) blood samples were obtained for analyses of blood gases, oxygen content, and isoprostane. After oxytocin 10 IU and morphine 0.15 mg kg 21 i.v. were given, anaesthesia was maintained using FI O 2 0.3, FI N 2 O 0.7, and end-tidal sevoflurane 0.6% in all patients. Apgar scores at 1 and 5 min were assessed by a paediatrician who was blinded to the study. At the end of surgery, residual neuromuscular block was antagonized using neostigmine and atropine, and the trachea was extubated when deemed appropriate by the anaesthetist. Total blood loss was assessed by weighing wet swabs minus dry weight, measuring net blood volume in the suction bottle, and visual estimation of blood on drapes and on the floor.
Laboratory analysis of oxygen indices and lipid peroxides
Oxygen indices in the blood were measured using a blood gas analyser (Corning 278 pH/blood gas analyser, Medfield, MA, USA) and a co-oximeter (IL 682 CO-oximeter, Instrumentation Laboratory, Lexington, MA, USA). A correction for 70% fetal haemoglobin was used in the analysis of oxygen content in the UA and UV blood. The remaining blood sample was centrifuged and the plasma stored at 2708C, for subsequent batch analysis of 8-iso-prostaglandin F2a (isoprostane). Free radical activity was quantified by the plasma concentration of isoprostane, an end-product of lipid peroxidation. Total plasma isoprostane was determined by gas chromatography-mass spectrometry according to our previously published method. 16 Plasma samples were deproteinized and hydrolysed; free and esterified isoprostanes were extracted by solid-phase extraction columns with citric acid/methanol/cyclohexane and ammonia solution/methanol and then derivatized by bis(trimethylsilyl)trifluoroacetamide and pentafluorobenzyl bromide. Concentrations of total plasma isoprostanes eluted at the retention time of an internal standard of 8-isoprostaglandin F2a-D4 were quantified using a 30 m×0.25 mm×0.25 mm DB-5MS capillary column on an Agilent 6890 plus series gas chromatograph system, equipped with an Agilent 7683 autosampler and interfaced to an Agilent 5973N mass spectrometer in negative chemical ionization mode (Agilent Technologies Inc., Santa Clara, CA, USA). The absolute recovery was 83 (SD 1.9)%, and analytical accuracy was 99.0 (0.4)% with a linearity of r 2 ¼0.9985.
Statistical analysis
From our previous study, 2 the mean (SD) of UA isoprostane was 122 (73) pg ml 21 in mothers who were given air to breathe, but in mothers who were given 60% oxygen, UA isoprostane increased to 215 (93) pg ml
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. On the basis of these data, power analysis showed that a sample size of 13 patients in each group would yield .90% powers to detect a similar magnitude of increase (100 pg ml 21 ) in plasma isoprostane, with a type I error probability of 0.05. This sample size would also have .80% power to detect a 2.6 ml dl 21 (20%) increase, in oxygen content with a type I error probability of 0.05, in the UV blood. Data were tested for equality of variance using Levene's test, and the normal probability plot was used to test normality assumption. On the basis of the findings, statistical comparisons between groups were performed using analysis of variance (ANOVA) or the Kruskall-Wallis test with post hoc comparisons using the Tamhane and Bonferroni procedures. The x 2 test for trend was used for comparison of equality of proportion.
The relationships between isoprostane concentration and the timed intervals (duration of preoxygenation, induction and skin incision to delivery), maternal arterial PO 2 , and UV PO 2 were analysed by multiple regression and Pearson's correlation after visual inspection of the scatter plots. Results were analysed using SPSS 10 for windows (SPSS, Chicago, IL, USA) and presented as mean and SD or median and range where appropriate. A value of P,0.05 was considered significant.
Results
The maternal and fetal characteristics, indications for surgery and GA, duration of oxygen exposure, skin incision-to-delivery interval, and uterine incision-to-delivery interval were similar among groups (Tables 1 -3 ). All patients maintained arterial saturation .95% and no intervention for hypotension was required. Apgar scores were similar and all scores were .7 at 5 min. One neonate in Gp 30 and one in Gp 100 required prophylactic tracheal intubation for suctioning of meconium-stained liquor, three neonates in Gp 30 and Gp 50, and four in Gp 100 required a brief period of assisted mask ventilation immediately after birth (P¼0.9). No neonates required intubation for assisted ventilation after delivery. Average blood loss intraoperatively and the proportion of patients requiring oxytocin infusion after operation were similar among groups (Table 4) .
Maternal isoprostane and oxygen indices
Isoprostane concentration and oxygen indices in maternal arterial blood are summarized in Table 3 . There were no differences in the baseline isoprostane concentration, oxygen partial pressure, or content among groups. At delivery, the isoprostane levels were significantly increased in all three groups, compared with their respective baseline levels. 
Umbilical isoprostane and oxygen indices
Isoprostane concentration and oxygen indices of the UA and UV blood are summarized in Table 3 . There were no differences among groups in the isoprostane concentration in both the UA and UV blood, and no relationship between the concentration of isoprostane and the timed intervals between preoxygenation, skin incision, uterine incision, and delivery were detected. No significant correlation between the maternal arterial PO 2 , and the UA isoprostane (r¼0.47, (Figs 1 and 2 ). Gp 100 had higher oxygen indices in the umbilical blood compared with Gp 30 and Gp 50, but no difference in oxygen indices were found between Gp 30 and Gp 50 (Table 3 ).
Discussion
Our study showed that there were no differences in the degree of maternal and fetal lipid peroxidation resulting from using 30%, 50%, or 100% oxygen in equivalent MAC of sevoflurane and nitrous oxide during elective CS under GA. Despite a significant increase in PO 2 in maternal and umbilical bloods when the patients were ventilated with 100% oxygen, there was no evidence that this induced an increase in lipid peroxidation in the mother or fetus above the other groups. However, maternal isoprostane concentration at delivery was significantly increased in all three groups, implying an increase in free radical activity which was independent of the FI O 2 given. In our previous report of patients having elective CS under regional anaesthesia, 2 average baseline maternal arterial isoprostane level from mothers breathing air was 120 pg ml 21 . However, in mothers who were given 60% oxygen, this increased to 200 pg ml 21 at delivery, as a result of increased lipid peroxidation. In that study, mothers breathing air had UV isoprostane of 135 pg ml 21 , but mothers breathing 60% oxygen had UV isoprostane of 400 pg ml 21 . In the current study, UA and UV isoprostane for all three groups increased to 400 pg ml 21 , indicating the presence of a significant degree of lipid peroxidation.
As we have reported earlier, 1 the use of 100% oxygen increased oxygen transfer to the fetus compared with 50% oxygen. However, the important issue we wanted to address in this study is whether it can induce a concomitant increase in free radical activity. We found that maternal isoprostane increased significantly at delivery in all three groups, indicating increased lipid peroxidation. Moreover, the effect on lipid peroxidation from breathing 100% oxygen was similar to that from breathing 30% or 50% oxygen, suggesting a factor which was present equally in all three groups. We assayed for isoprostane, an end-product of free radical attack on polyunsaturated fatty acids, as a marker of free radical activity. Isoprostane is a highly specific marker for in vivo oxidative stress that is generated during free radical oxidation of arachidonic acid in membrane phospholipids. 5 6 Increased levels of isoprostane have been associated with suboptimal fetal conditions. 8 -11 In a fetus subjected to hypoxic stress, free radicals will be generated upon reperfusion, resulting in 'ischaemia -reperfusion injury'. An alternative pathway from which free radicals can be pathologically generated occurs during exposure to hyperoxia. This pathway involves direct mitochondrial electron transfer and is the mechanism for tissue injury in bronchopulmonary dysplasia, retinopathy of prematurity, persistent ductus arteriosus, necrotizing enterocolitis, and intracranial haemorrhage in neonates. 3 7 17 Several factors may have contributed to the formation of free radicals in this study. Volatile anaesthetic such as sevoflurane may be a factor, and its effects in the modulation of ischaemia -reperfusion injury of the brain and transplanted organs, as well as its role in the ischaemic preconditioning of cardiac muscles, have been reported. 18 19 However, different types of volatile anaesthetics have significantly different effects on lipid peroxidation, and sevoflurane appears to be associated with a lesser extent of lipid peroxidation when compared with other agents such as desflurane. 20 The action of sevoflurane is complicated, and reports from in vitro and animal studies have suggested that although it may increase formation of free radicals, it is also able to precondition and protect cells from ischaemia -reperfusion injury. 18 19 21 Significant increases in lipid peroxidation after induction of GA using sevoflurane in healthy patients were reported by Koksal and colleagues. 20 However, in that study, it was not clarified whether these patients were preoxygenated before induction of anaesthesia, which may also have played a role in generation of free radicals due to hyperoxia. All our patients were routinely preoxygenated before the induction of anaesthesia, which would have induced a state of hyperoxia in both the mother and the fetus. Since hyperoxia is an important factor in the formation of free radicals, this could also have accounted for the equal increase in lipid peroxidation in all three groups. However, we found no relationship between the concentration of isoprostane in the maternal or umbilical bloods and the duration of preoxygenation or duration of exposure to sevoflurane after induction. This suggests that the factors which induced lipid peroxidation may have a ceiling effect in all three groups.
Surgery itself may possibly have contributed to the lipid peroxidation, although an effect as large as this was not seen in our previous study. During regional anaesthesia, maternal isoprostane concentration increased by almost 50% at delivery, even when mothers were breathing air. 22 Further studies to investigate the origin of the free radical may be performed by taking extra maternal arterial blood samples for analysis of isoprostane, immediately after preoxygenation and also before surgical incision.
Owing to the low usage of GA for CS, our study recruitment rate was very slow. Hence, we commenced this study to run concurrently with an overlap of 15 patients with another study which we have reported. 1 Although this arrangement was not ideal, we had distinct objectives in the two studies. In our previous study, we investigated the effects of FI O 2 on fetal oxygenation, whereas in the present study, our objectives were to investigate the effects of FI O 2 on lipid peroxidation. An important advantage of GA is the speed with which emergency CS can be performed for rapid delivery of a compromised or hypoxic fetus. Under such circumstances, the use of 100% oxygen in the inspired gas mixture has been shown to increase fetal oxygenation. Although it remains uncertain whether this will actually improve clinical outcome for the neonate, our data indicate that the use of 100% oxygen during elective CS at least does not appear to increase free radical activity and lipid peroxidation over and above the effect that GA and surgery itself appear to have. Gp 100
Maternal arterial Po 2 (kPa) UV isoprostane (pg ml Further study would be necessary to specifically answer the question on whether increased free radical activity will harm a severely compromised or premature fetus during emergency CS performed under GA.
